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We provide updated predictions for the hadronic decays B¯0s → D
(∗)+
s pi
− and B¯0 → D(∗)+K−.
They are based on O(α2s) results for the QCD factorization amplitudes at leading power and on recent
results for the B¯(s) → D
(∗)
(s) form factors up to order O(Λ
2
QCD/m
2
c) in the heavy-quark expansion.
We give quantitative estimates of the matrix elements entering the hadronic decay amplitudes at
order O(ΛQCD/mb) for the first time. Our results are very precise, and uncover a substantial
discrepancy between the theory predictions and the experimental measurements. We explore two
possibilities for this discrepancy: non-factorizable contributions larger than predicted by the QCD
factorization power counting, and contributions beyond the Standard Model. We determine the
fs/fd fragmentation fraction for the CDF, D0 and LHCb experiments for both scenarios.
I. INTRODUCTION
The physics programs of the Large Hadron Collider ex-
periments promise data sets of unprecedented sizes for a
variety of Bs decays. Consequently, analyses that emerge
from these programs now dominate determinations of ab-
solute branching fractions of Bs decays. The biggest
source of uncertainties in these analyses is the poorly
known fraction of the b quark fragmentation into B¯0s ver-
sus B¯0 mesons, denoted as fs/fd. A promising approach
to determine this ratio [1] from data is the measurement
of a ratio of branching fractions for hadronic B decays:
σ(pp→ B¯0sX)× B(B¯0s → D(∗)+s π−)
σ(pp→ B¯0X)× B(B¯0 → D(∗)+K−)
≡ σ(pp→ B¯
0
sX)
σ(pp→ B¯0X) ×R
P (V )
s/d . (1)
We consider the hadronic decays in this ratio very ad-
vantageous from the theory point of view. Since in these
decays all valence quarks are distinguishable, we do not
have to account for decay topologies involving penguin
operators. For the same reason weak annihilation is not
an issue either. Moreover, these decays are dominated by
the color-allowed tree topology, and the color-suppressed
operator enters only through perturbative or power cor-
rections. In ref. [2] the ratio that we here call RPs/d is
given with a relative uncertainty of ∼ 9%.
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The purpose of the present article is threefold. First,
we revisit the QCD factorization framework for the non-
leptonic decays B¯0 → D(∗)+K− and B¯0s → D(∗)+s π−
beyond leading power. We update the values of the
B¯q → D(∗)q form factors based on a recent analysis within
the heavy-quark expansion (HQE) [3]. We also provide,
for the first time, conservative numerical estimates for the
necessary hadronic matrix elements that enter at next-
to-leading-power in ΛQCD/mb. Based on these improve-
ments we predict the branching fractions of the four de-
cays and, for the first time, use their theoretical correla-
tion to reduce the uncertainty on their ratios RP (V )s/d .
Second, we challenge existing experimental data on
two-body non-leptonic decays into a heavy-light final
state. We point out the subtleties in the comparison
between theory and experiment. Our analysis reveals
a puzzling pattern in the comparison of theory predic-
tions and data on the absolute branching fractions of the
tree-dominated B¯0(s) → D+(s){π−,K−} decays, whereas
the predicted ratios RP (V )s/d are in good agreement with
experiment. We subsequently extract the fs/fd fragmen-
tation fraction for the CDF, D0 and LHCb experiments
in a variety of scenarios.
Last but not least, we critically assess possible origins
for the observed puzzle — which amounts to a discrep-
ancy of up to five standard deviations for the individual
absolute branching fractions — with one of them being
contributions from physics beyond the Standard Model
(BSM).
This article is organised as follows. In section II we re-
visit the QCD factorization framework, including a thor-
ough discussion of next-to-leading power hadronic matrix
elements. We then discuss the numerical input parame-
ters that enter our expressions, and give results for the
2non-leptonic branching fractions and the ratios RP (V )s/d at
leading power. Our estimate of RP (V )s/d at next-to-leading
power shows their robustness against power corrections.
In section III we compare the theoretical predictions to
experimental data, explain in detail our extraction of
the fs/fd fragmentation fraction for various hadron col-
liders and uncover the puzzling pattern in non-leptonic
B¯0(s) → D+(s){π−,K−} decays. We determine possible
solutions to this puzzle, among them effects from BSM
physics. We finally discuss prospects for future extrac-
tions of fs/fd using the method discussed here and poten-
tial alternatives. We conclude in section IV. The article
is supplemented by two appendices. In appendix A we
present the light-cone sum rule calculation for the soft-
gluon matrix element relegated from section II, while in
appendix B we give details on the experimental inputs.
II. THEORY PREDICTION OF
B(B¯0 → D(∗)+K−) AND B(B¯0s → D
(∗)+
s pi
−)
We begin by briefly summarizing the framework of
collinear factorization (also known as QCD factoriza-
tion (QCDF)) [4] for the decays B¯0 → D(∗)+K− and
B¯0s → D(∗)+s π− in section IIA. Numerical results are
presented subsequently in section II B.
A. Framework
Theory predictions for the decays under consideration
are both relatively simple and particularly clean [4].
They are relatively simple, since neither penguin nor
annihilation topologies contribute; they are particularly
clean, again due to the absence of pollution from weak
annihilation, but also because no chirally enhanced hard-
scattering contributions are present at order ΛQCD/mb.
Since the latter two contributions constitute the main
limitation of the QCDF approach, the resulting theory
predictions are among the most reliable for non-leptonic
decays. This is the basis for the phenomenological
application of extracting the ratio fs/fd from these
modes [1]. We emphasize that this statement does
not hold for modes where the flavour of the spectator
anti-quark is present in the valence content of the light
meson. An example is the decay B¯0 → D+π−, which
factorizes to leading power, but suffers from larger uncer-
tainties due to endpoint divergences at subleading power.
The effective Lagrangian needed for the description of
B¯0 → D(∗)+K− and B¯0s → D(∗)+s π− decays reads
L = −4GF√
2
VcbV
∗
uq2 [C1Qq21 + C2Qq22 ] , (2)
where q2 = d, s, and Vcb, V
∗
uq2 are CKM matrix elements.
The Wilson coefficients C1,2 are q2-flavour universal in
the Standard Model (SM). We choose these two current-
current operators in the CMM basis [5]:
Qq22(1) ≡
[
c¯γµPL(T
A)b
] [
u¯γµPL(T
A)q2
]
. (3)
The Wilson coefficients C1,2 are known to next-to-next-
to-leading logarithmic accuracy [6], and at the scale µ =
mb we use
C2 = +1.010 C1 = −0.291 . (4)
Their uncertainties are negligible compared to those of
the hadronic matrix elements.
In this work, the light pseudoscalar (u¯q2) bound state
is denoted as L when the particular quark flavour q2 is not
relevant to the discussion. For the discussion below we
adopt the power-counting ε ∼ ΛQCD/EL ∼ ΛQCD/mb.
Following this power counting the matrix elements of the
current-current operators factorize to leading power [4]:
〈D(∗)+q L−| Qi |B¯0q 〉 =
∑
j
F
B¯q→D
(∗)
q
j (M
2
L)
×
∫ 1
0
du Tij(u)φL(u) +O
(
ΛQCD
mb
)
.
(5)
The amplitudes to leading power in ε read
A(B¯0q → D+q L−) = i
GF√
2
V ∗uq2Vcba1(D
+
q L
−)fL
× F B¯q→Dq0 (M2L)(M2Bq −M2Dq ) ,
A(B¯0q → D∗+q L−) = −i
GF√
2
V ∗uq2Vcba1(D
∗+
q L
−)fL
×AB¯q→D
∗
q
0 (M
2
L)2MD∗q ε
∗(λ = 0) · q
(6)
for either a pseudoscalar Dq meson, or a longitudinal
(λ = 0) D∗q vector meson. The structure of these
amplitudes holds to all orders in αs. The effective
Wilson coefficients a1(D
(∗)+
q L−) have been computed
to next-to-next-to-leading order in αs in ref. [2]. We
emphasize that the SU(3)F breaking of the ampli-
tudes is numerically driven by the decay constants of
the light-meson. The deviation from the symmetry
limit in heavy-to-heavy form factors is additionally
suppressed by the heavy-quark masses and therefore
expected to be very small [7–9]. A recent analysis of
the symmetry breaking in heavy-to-heavy form factors
yields results that are compatible with this expecta-
tion [3]. To ascertain the stability of QCDF predictions
for Rs/d, control of the symmetry-breaking effects is
essential, even if they only arise within power corrections.
The formulas for the SU(3)F ratios with either pseu-
3doscalar (P) or a vector (V) D
(∗)
q mesons read
RPs/d =
τBs
τBd
∣∣∣∣VudVus
∣∣∣∣
2
f2pi
f2K
∣∣∣∣∣
F B¯s→Ds0 (M
2
pi)
F B¯→D0 (M
2
K)
∣∣∣∣∣
2 ∣∣∣∣ a1(D
+
s π
−)
a1(D+K−)
∣∣∣∣
2
×
(
M2Bs −M2Ds
M2B −M2D
)2
M3B
M3Bs
√
λ(M2Bs ,M
2
Ds
,M2pi)√
λ(M2B ,M
2
D,M
2
K)
,
(7)
RVs/d =
τBs
τBd
∣∣∣∣VudVus
∣∣∣∣
2
f2pi
f2K
∣∣∣∣∣
A
B¯s→D
∗
s
0 (M
2
pi)
AB¯→D
∗
0 (M
2
K)
∣∣∣∣∣
2 ∣∣∣∣ a1(D
∗+
s π
−)
a1(D∗+K−)
∣∣∣∣
2
× M
3
B
M3Bs
[λ(M2Bs ,M
2
D∗s
,M2pi)]
3/2
[λ(M2B,M
2
D∗ ,M
2
K)]
3/2
. (8)
To test the consistency of the QCDF predictions, we also
study the fixed-flavour ratios of branching fractions to
vector D∗+q mesons over pseudoscalar Dq mesons:
RV/Ps =
B(B¯0s → D∗+s π−)
B(B¯0s → D+s π−)
, (9)
RV/Pd =
B(B¯0 → D∗+K−)
B(B¯0 → D+K−) , (10)
which have analogous expressions.
Power corrections to the amplitudes in eq. (6) arise
from a variety of effects. To order ε, these can poten-
tially include higher-twist corrections to the light-meson
light-cone distribution amplitude (LCDA); emission of a
hard-collinear gluon from the spectator q, or from the
heavy bottom and charm quarks; and exchange of a soft
gluon between the B¯0q → Dq system and the light meson.
We briefly discuss each of these effects and provide
updated numerical estimates for their magnitudes.
The contributions of the two-particle twist-three light-
meson LCDA are suppressed with respect to the leading-
twist contribution by one power of ε. As discussed in the
literature, see e.g. ref. [10], twist-three corrections for a
pseudoscalar scale like µL/EL, which can be numerically
large due to the normalization in terms of the factor
µL ≡
M2L−
mu +mq2
. (11)
However, the twist-three corrections to the hadronic am-
plitude vanish algebraically at leading-order in αs [11].
We find that higher-twist corrections only enter at order
αsε
2 or higher.
Up to O (ε), the exchange of a gluon between the
heavy-to-heavy transition and the light meson can possi-
bly enter in one of three ways [11].
i) The exchange of a hard gluon from the b or c quark
is a purely perturbative effect, and accounted for by
the O (αs) correction to the effective Wilson coefficients
a1(D
(∗)
q L).
ii) The exchange of a hard-collinear gluon from the spec-
tator quark is incompatible with the physical picture of
the spectator having a soft momentum inside both the
B¯0q and the Dq meson. The exchange of a hard-collinear
gluon from the b or c quark is possible, and contributes
through a quark-antiquark-gluon Fock state of the light
meson through three-particle LCDAs. Due to the V −A
structure of the weak interaction the twist-three three-
particle contribution is absent, and the first contribution
emerges at the twist-four level [4]. Within our power
counting, the twist-four contribution enters at the O (ε2)
level. This power correction breaks SU(3)F symmetry
maximally, since it is absent for the L = π− case by
virtue of G parity, but has a finite contribution for the
L = K− case. Using the expression for these corrections
in ref. [4], a model based on the conformal expansion
of the LCDAs and the numerical results of ref. [10] we
obtain
A(B¯0 → D(∗)+K−)∣∣
NNLP(hc)
A(B¯0 → D(∗)+K−)
∣∣
LP
≃ C1
a1
×−0.64% . (12)
iii) The exchange of a single soft gluon between the
heavy-to-heavy transition and the light meson causes one
of the light quarks in the light meson to become hard-
collinear [4]. This configuration can be expressed through
the heavy-to-heavy matrix elements of a non-local c¯Gb
current. We estimate the relevant matrix elements using
Light-Cone Sum Rules (LCSRs) in appendix A. Using
these estimates, we obtain ranges for the O (ε) soft-gluon
correction:
A(B¯0q → D+q L−)
∣∣
NLP
A(B¯0q → D+q L−)
∣∣
LP
≃ C1
4a1
× [0.76, 7.6]% , (13)
A(B¯0q → D∗+q L−)
∣∣
NLP
A(B¯0q → D∗+q L−)
∣∣
LP
≃ C1
4a1
× [0.46, 4.6]% . (14)
The lower value of these ranges corresponds to the sum
rule results for our nominal inputs as discussed in ap-
pendix A. To obtain a more conservative estimate, we
increase the values of the scale-setting parameters λ2E
and λ2H by one order of magnitude, yielding the higher of
the values. We emphasize that the ratio of the hadronic
matrix elements are matching the size expected from
naive dimensional analysis. However, the prefactor of
C1/a1 ∼ −1/3 renders all estimates for the power cor-
rections small, and supports the picture of these decays
being very clean.
B. Numerical Inputs and Results
Form factors For the form factors and form-factor ra-
tios entering our predictions, we use the posterior samples
for the HQE parametrization from ref. [3]. In table I the
values of the form factors used in this work are collected
4together with the ones used in ref. [2]. The correlation
coefficients between these form factor values are

1.0000 0.0814 0.1702 −0.0255
0.0814 1.0000 0.0059 0.4787
0.1702 0.0059 1.0000 0.0134
−0.0255 0.4787 0.0134 1.0000

 , (15)
with rows and columns ordered as F B¯→D0 (M
2
K),
AB¯→D
∗
0 (M
2
K), F
B¯s→Ds
0 (M
2
pi), and A
B¯s→D
∗
s
0 (M
2
pi). Ac-
counting for these correlations, we obtain the form factor
ratios: ∣∣∣∣∣
F B¯s→Ds0 (M
2
pi)
F B¯→D0 (M
2
K)
∣∣∣∣∣ = 1.001± 0.021 , (16)∣∣∣∣∣
A
B¯s→D
∗
s
0 (M
2
pi)
AB¯→D
∗
0 (M
2
K)
∣∣∣∣∣ = 0.9729± 0.080 , (17)∣∣∣∣∣
F B¯s→Ds0 (M
2
pi)
A
B¯s→D∗s
0 (M
2
pi)
∣∣∣∣∣ = 0.9773± 0.095 , (18)∣∣∣∣∣
F B¯→D0 (M
2
K)
AB¯→D
∗
0 (M
2
K)
∣∣∣∣∣ = 0.9507± 0.095 . (19)
Effective Wilson coefficients Based on the analytic
results for the effective Wilson coefficients to NNLO in αs
from ref. [2], we produce numbers for their absolute val-
ues. The numbers used in the present work contain more
significant digits, but are otherwise identical to those in
ref. [2], see table I. In addition, we require the following
three ratios of effective Wilson coefficients:∣∣∣∣ a1(D
+
s π
−)
a1(D+K−)
∣∣∣∣ = 1.0024+0.0023−0.0011 , (20)
∣∣∣∣ a1(D
+
s π
−)
a1(D
∗+
s π−)
∣∣∣∣ = 1.0013+0.0006−0.0005 , (21)
∣∣∣∣ a1(D
+K−)
a1(D∗+K−)
∣∣∣∣ = 1.0013+0.0005−0.0005 . (22)
|Vcb| For |Vcb|, we use the value obtained in refs. [3, 12],
which constitutes an average of the values extracted
from inclusive and exclusive semileptonic decays. This
value is larger than in ref. [2] where the value for |Vcb|
from exclusive decays as of 2016 was used.
|Vuq2| and light-meson decay constants Through-
out this work, we use directly the products of the CKM
matrix elements |Vud| or |Vus| with the respective light-
meson decay constants fpi or fK as obtained by the PDG
from leptonic π−,K− decays [13]. Our current values
together with those from ref. [2] are again collected in
table I. Due to the partial cancellation of radiative cor-
rections their ratio is even more precisely known than the
individual quantities,
∣∣∣∣V
∗
ud
V ∗us
∣∣∣∣
2
×
∣∣∣∣ fpifK
∣∣∣∣
2
= 13.128± 0.038 , (23)
leaving a negligible relative uncertainty of 1.5h.
Leading-power predictions and comparison Us-
ing the above inputs we obtain for the QCDF results at
leading power (LP) in ε the values in table I, again listed
together with the results of ref. [2]. The most significant
changes arise due to the shifts in |Vcb| (+4%), and the
B¯0s → D(∗)s form factors. The former shift is mostly due
to our inclusion of the |Vcb| value obtained from inclusive
decays [14], while the latter (−4% for F0 and +33% for
A0) is caused by improved calculations of the B¯
0
s → D(∗)s
form factors [15–17] which have become available since
the analysis of ref. [2], where the only available calcula-
tion [18] as of 2016 was used. The resulting shifts in the
absolute branching fractions follow correspondingly, with
+8% for the B¯0d branching fractions, no significant shift
in B¯0s → D+s π−, and +90% in B¯0s → D∗+s π−. Note, that
the current form factor results shift the QCDF predic-
tions from 2.24+0.56−0.50 (in units of 10
−3) to the new value
4.30+0.9−0.8 which is now 2.3σ away from the experimental
value 2.1± 0.5 from the third column of table II.
In addition we obtain, still to leading power, the fol-
lowing ratios of branching fractions:
RPs/d
∣∣
LP
= 13.5+0.6−0.5 , (24)
RVs/d
∣∣
LP
= 13.1+2.3−2.0 , (25)
RV/Ps
∣∣
LP
= 0.97+0.20−0.17 , (26)
RV/Pd
∣∣
LP
= 1.01± 0.11 . (27)
Two of these values can be compared to the ones in ref. [2]
where
RPs/d
∣∣
LP
= 14.67+1.34−1.28 , (28)
RV/Pd
∣∣
LP
= 0.863+0.158−0.147 (29)
are obtained. We observe that the central values are
compatible within uncertainties, and that in our new
analysis the latter are 55% and 30% smaller, respectively.
Next-to-leading power predictions When includ-
ing the hadronic matrix elements at next-to-leading
power (NLP) in ΛQCD/mb, we obtain:
RPs/d
∣∣
NLP
/RPs/d
∣∣
LP
− 1 ≈ −1.7h , (30)
RVs/d
∣∣
NLP
/RVs/d
∣∣
LP
− 1 ≈ −1.7h , (31)
RV/Ps
∣∣
NLP
/RV/Ps
∣∣
LP
− 1 = (0.4 . . . 8.2)h , (32)
RV/Pd
∣∣
NLP
/RV/Pd
∣∣
LP
− 1 = (0.4 . . . 8.2)h . (33)
The shift from LP to NLP is negligible, as anticipated in
section IIA. This underscores why the QCDF predictions
for these decays are considered to be among the most
reliable for two-body B decays.
5quantity unit this work ref. [2] (2016)
F B¯→D0 (M
2
K) — 0.672 ± 0.011 0.670 ± 0.031
F
B¯0s→Ds
0 (M
2
pi) — 0.673 ± 0.011 0.700 ± 0.100
AB¯→D
∗
0 (M
2
K) — 0.708 ± 0.038 0.654 ± 0.068
A
B¯0s→D
∗
s
0 (M
2
pi) — 0.689 ± 0.064 0.520 ± 0.060
∣
∣a1(D
+
s pi
−)
∣
∣ — 1.0727+0.0125−0.0140 1.073
+0.012
−0.014
∣
∣a1(D
+K−)
∣
∣ — 1.0702+0.0101−0.0128 1.070
+0.010
−0.013
∣
∣a1(D
∗+
s pi
−)
∣
∣ — 1.0713+0.0128−0.0137 1.071
+0.013
−0.014
∣
∣a1(D
∗+K−)
∣
∣ — 1.0687+0.0103−0.0125 1.069
+0.010
−0.013
|Vcb| 10
−3 41.1 ± 0.5 39.5± 0.8
|Vud|fpi MeV 127.13 ± 0.13 126.8 ± 1.4
|Vus|fK MeV 35.09 ± 0.06 35.06 ± 0.15
τBd ps 1.519 ± 0.004 1.520 ± 0.004
τBs ps 1.510 ± 0.004 1.505 ± 0.004
B(B¯ → D+K−) 10−3 0.326 ± 0.015 0.301+0.032−0.031
B(B¯ → D∗+K−) 10−3 0.327+0.039−0.034 0.259
+0.039
−0.037
B(B¯s → D
+
s pi
−) 10−3 4.42 ± 0.21 4.39+1.36−1.19
B(B¯s → D
∗+
s pi
−) 10−3 4.30+0.9−0.8 2.24
+0.56
−0.50
TABLE I. Numerical inputs and results for the QCDF ex-
pressions for the branching fractions at leading power. We
compare the results of ref. [2] with our results. The predic-
tions for the B¯0s branching fractions are not time-integrated,
and therefore differ from the measured branching fractions by
a factor of (1− y2s) [19].
III. CHALLENGING PRESENT
MEASUREMENTS
We compare our predictions obtained in the previous
section with existing data, and aim for a determination of
fs/fd at the LHCb experiment and the Tevatron experi-
ments CDF and D0. This is not trivial, for the following
reasons:
1. We face a circular dependence between some mea-
surement of branching fractions and fs/fd: for the
B¯0s decays in question, the values entering the world
average [13] are at least partially using fs/fd, which
we are aiming to extract. In table II we make
this dependence explicit, and introduce two inde-
pendent quantities for the LHCb and CDF experi-
ments, to highlight a potential dependence on the
transverse momentum and hence the experiment.
2. Besides correlations due to fs/fd, the measure-
ments of the decays in question exhibit additional
sizeable correlations. The largest ones are in-
troduced because LHCb only measures ratios of
branching fractions, albeit with very high preci-
sion. Furthermore, in almost all measurements the
same few D(s) decay modes are used. Finally, we
include explicitly the production fraction of neu-
tral B mesons entering absolute branching fraction
measurements by the B factories, since in this case
isospin symmetry can be violated sizeably.
Based on these considerations, we summarize all relevant
experimental results in table IV in the Appendix, explic-
itly highlighting all cross dependence. The individual
branching fractions, their ratios, and the different pro-
duction fractions presented in table II are produced from
a series of fits to the data listed in table IV. In these fits,
we allow for independent production fractions fs/fd at
Tevatron, LHCb (7 TeV) and LHCb (13 TeV). The latter
does not enter any measurement here and is only given
for comparison. Since only one measurement by CDF
is available for the considered modes, this effectively de-
termines a value for fs/fd at the Tevatron experiments,
which can then be compared to other determinations. We
consider therefore the following fit scenarios:
1. We first perform a fit without any input on fs/fd.
The absolute scale of all B¯0s branching fractions is in
this case provided by the measurement of B(B¯0s →
D+s π
−) at Belle [20], which yields a very low value
for fs/fd with large uncertainties.
2. We next include the fs/fd value from LHCb mea-
sured at 7 TeV in semileptonic decays [21, 22],
which uses a method independent from the one
investigated here. We make the dependence on
the Ds branching fraction explicit also in this case,
since it is an important uncertainty and correlated
with the other measurements in the fit. The de-
pendence on B(D− → K+π−π−) is not as easily
included and its contribution to the uncertainty not
as large as for the Ds case.
The fit results for these two scenarios are collected in ta-
ble II under “our fits (w/o QCDF)”. Both fits describe
the available data perfectly, meaning there are no ob-
vious inconsistencies among the measurements. We ob-
serve significant shifts compared to the PDG fit results
for B¯0 → D+K− and B¯0 → D+π− modes, but over-
all our results are well compatible with the PDG fit.
More importantly, we obtain the full correlation matrix
for these branching fractions, which allows to calculate
their ratios with reduced uncertainties. Our improve-
ments significantly sharpen the pattern that was appar-
ent already in refs. [2, 4]: the ratios of branching frac-
tions are well reproduced, the largest difference between
measurement and prediction is 1.3σ for RV/Ps . On the
other hand, what was a tendency to overestimate the in-
dividual branching fractions in the past, is now a clear
discrepancy: naively we observe a 4σ difference between
prediction and measurement in B¯0s → D+s π−, over 5σ
difference in B¯0 → D+K−, about 2σ in B¯0s → D∗+s π−
and 3σ in B¯0 → D∗+K−. A fit to the same data as
above, but expressing all branching fractions by their
QCDF expressions without allowing for corrections re-
sults in χ2min = 38.7 for 9 degrees of freedom. We see the
following possibilities to resolve this discrepancy:
6source PDG our fits (w/o QCDF) our fit (w/ QCDF, no fs/fd) QCDF prediction
scenario — no fs/fd (fs/fd)
7 TeV
LHCb,sl ratios only ✘✘
✘SU(3) —
χ2/dof — 2.5/4 3.1/5 4.6/6 3.7/4 —
B(B¯0s → D
+
s pi
−) 3.00± 0.23 3.6± 0.7 3.11± 0.25 3.11+0.21−0.19 3.20
+0.20
−0.26
∗ 4.42± 0.21
B(B¯0 → D+K−) 0.186 ± 0.020 0.222 ± 0.012 0.224 ± 0.012 0.227 ± 0.012 0.226 ± 0.012 0.326± 0.015
B(B¯0 → D+pi−) 2.52± 0.13 2.71 ± 0.12 2.73± 0.12 2.74± 0.12 2.73+0.12−0.11 —
B(B¯0s → D
∗+
s pi
−) 2.0± 0.5 2.4± 0.7 2.1± 0.5 2.46+0.37−0.32 2.43
+0.39
−0.32 4.3
+0.9
−0.8
B(B¯0 → D∗+K−) 0.212 ± 0.015 0.216 ± 0.014 0.216 ± 0.014 0.213+0.014−0.013 0.213
+0.014
−0.013 0.327
+0.039
−0.034
B(B¯0 → D∗+pi−) 2.74± 0.13 2.78 ± 0.15 2.79± 0.15 2.76+0.15−0.14 2.76
+0.15
−0.14 —
RPs/d 16.1± 2.1 16.2± 3.3 14.0± 1.1 13.6 ± 0.6 14.2
+0.6
−1.1
∗ 13.5+0.6−0.5
RVs/d 9.4± 2.5 11.4± 3.6 9.6± 2.5 11.4
+1.7
−1.6 11.4
+1.7
−1.5
∗ 13.1+2.3−2.0
R
V/P
s 0.66± 0.16 0.66 ± 0.16 0.66± 0.16 0.81
+0.12
−0.11 0.76
+0.11
−0.10 0.97
+0.20
−0.17
R
V/P
d 1.14± 0.15 0.97 ± 0.08 0.97± 0.08 0.97± 0.06 0.95± 0.07 1.01± 0.11
(fs/fd)LHCb — 0.223
+0.056
−0.038
∗ 0.260 ± 0.019 0.261+0.018−0.016 0.252
+0.023
−0.015
∗ —
(fs/fd)Tev — 0.208
+0.056
−0.038
∗ 0.243 ± 0.028 0.244+0.026−0.023 0.236
+0.026
−0.022
∗ —
∆P — — — −0.164
+0.030
−0.028 −0.167 ± 0.029 —
∆V — — — −0.20
+0.06
−0.05 −0.20
+0.06
−0.05 —
TABLE II. Our fits to the available data listed in Table IV with and without constraints from QCDF, in comparison to the
PDG values [13] and our QCDF predictions. The branching fractions are given in units of 10−3. Results marked with a ∗
indicate that the distribution is non-gaussian. The two fits on the left are not using the assumption that QCDF holds. The
two fits on the right are using QCDF input to varying degree, see text. Correlations for these results are available upon request
from the authors.
1. One obvious option is the presence of large non-
factorizable contributions of O(15−20%) at ampli-
tude level in each of the modes. This was already
discussed in ref. [2], where the discrepancy has a
smaller statistical significance. When taking our
new estimates in eqs. (12) – (14), which allow al-
ready for an enhancement by a factor of 10 in the
hadronic matrix elements, at face value, this sce-
nario is clearly and significantly disfavoured at the
4.4σ level. We emphasize that we do not only see no
enhancement in our calculation of next-to-leading
power contributions, but instead a systematic sup-
pression by C1/a1 ∼ −1/3, which renders our re-
sult particularly small. Therefore even the generic
expectation of ΛQCD/mb ∼ 10% seems already on
the high side. We pursue this scenario nevertheless,
which still allows us to extract fs/fd, albeit with
increased uncertainties.
2. We entertain also the possibility that this is an ex-
perimental issue. For that it is interesting to note
that the fit to the QCDF predictions becomes ex-
cellent as soon as the measurements of the abso-
lute branching fractions B¯0 → D(∗)+π− are ex-
cluded from the fit. Both values are dominated
by the BaBar analysis [23], however, even the less
precise CLEO data are already in conflict with the
QCDF predictions. This option would therefore
imply a serious experimental problem in more than
one experiment. We do not consider this option fur-
ther. Nevertheless, we would like to encourage ad-
ditional measurements of absolute branching frac-
tions, which is possible with existing data from the
Belle experiment and upcoming data at Belle II.
3. The parametric inputs in eqs. (6) are in principle
also potential sources of systematic shifts. How-
ever, all of them are very well known from several
measurements. The quantity |Vcb| has the largest
uncertainty, but a 20% shift would be in direct con-
tradiction with all existing analysis and the global
picture of the CKM unitarity fit.
4. If we assume the experimental results to be cor-
rect and assume our estimates in eqs. (12)-(14) to
have the correct order of magnitude, only beyond
the Standard Model (BSM) effects can explain the
data. The fact that all QCDF predictions are above
the corresponding measurements requires this BSM
physics to interfere with the SM. Since the ratios
are predicted well, an approximately universal fac-
tor in b→ cu¯d and b→ cu¯s transitions is preferred.
Also a combination of the above effects is possible. In
the following we discuss options 1 and 4 in detail.
A. Extracting fs/fd
Allowing for non-factorizable contributions beyond the
size indicated by the QCDF results in all decays at hand,
7we parametrize
A(B¯0 → D+K−)
A(B¯0 → D+K−)
∣∣
QCDF,LP
= 1 +∆P , (34)
A(B¯0s → D+s π−)
A(B¯0s → D+s π−)
∣∣
QCDF,LP
= 1 + rPSU(3)∆P , (35)
A(B¯0 → D∗+K−)
A(B¯0 → D∗+K−)
∣∣
QCDF,LP
= 1 +∆V , (36)
A(B¯0s → D∗+s π−)
A(B¯0s → D∗+s π−)
∣∣
QCDF,LP
= 1 + rVSU(3)∆V . (37)
Here we use the leading-power QCDF amplitudes as in
eqs. (6), ∆P,V parametrize non-factorizable contribu-
tions to the amplitude (including the parts estimated
above) and rP,VSU(3) parametrizes SU(3) breaking beyond
that in the leading amplitude. We expect rP,VSU(3) ≈ 1,
i.e., the non-factorizable parts to still scale as the decay
constants, which is justified by the analytic structure
of the NLP results. We choose all four parameters
∆P,V , r
P,V
SU(3) real without phenomenological conse-
quences, since we only consider branching fractions here.
Leaving all four parameters in eqs. (34)-(37) arbitrary
is equivalent to not using the QCDF calculation at all.
This reproduces the previous fit without QCDF and no
input for fs/fd in table II. Setting r
P,V
SU(3) ≡ 1, but
leaving ∆P,V arbitrary corresponds to the assumption
that the ratios RP,Vs/d are perfectly predicted by QCDF,
while the individual branching fractions receive large
non-factorizable contributions. This mimics one of the
assumptions employed in ref. [1, 24] and in particular al-
lows for a comparison with the result in ref. [24]. We
list the results of this scenario in table II under “ratios
only”. However, given the significant reduction of the
parametric theory uncertainty in this work, the assump-
tion of a negligible uncertainty from SU(3) breaking in
the non-factorizable part does not seem appropriate any-
more. While we do not use the quantitative results for
the NLP contributions here, we still make observations
from their analytical structure:
1. There is no justification to identify ∆P and ∆V .
2. The deviation of rP,VSU(3) from unity is expected to
be small: the sizable breaking from the light-meson
decay constants is identical to that of the leading
amplitude, and the heavy-to-heavymatrix elements
for a single soft gluon at NLP exhibit a similar
structure to that of the form factors, for which the
results in ref. [3] show explicitly that the breaking
is small, in accordance with theoretical expecta-
tions from the HQE [7–9]. We therefore consider
rP,VSU(3) ∈ [0.9, 1.1] to be a conservative estimate of
this breaking, leaving the two parameters indepen-
dent.
We consequently perform another fit, leaving ∆P,V in-
dependent and arbitrary while constraining the SU(3)
breaking beyond that in the leading amplitude to be be-
low 10%. In this way we account for the possibility of
relevant additional SU(3) breaking, while still exploiting
the information from QCDF. The results of this fit are
reported again in table II.
Since this scenario interpolates in a way between the
fit without QCDF and without fs/fd input and the one
without SU(3) breaking, it is not surprising that also the
results for fs/fd lie between the corresponding values.
As mentioned before, we observe large non-factorizable
contributions of 15 − 20%. Although the minimal χ2
decreases by 0.9 when allowing for SU(3) breaking,
such a fit has two fewer degrees of freedom, so there is
no indication for sizable SU(3) breaking in the data.
We consider this scenario nevertheless preferable over
the one without breaking, since the two parameters
rP,VSU(3) account for the related uncertainty and render
our results for fs/fd conservative. While this is not the
only way to estimate this uncertainty, the sizable shift
between the central values and uncertainties in the sce-
narios with and without breaking, despite the relatively
small breaking beyond that of the leading amplitude of
≤ 10%, indicates that this source of uncertainty must be
taken into account for a meaningful extraction of fs/fd.
Both values for (fs/fd)LHCb are in excellent agreement
with the value from semileptonic decays. The uncertain-
ties are comparable, and can be reduced with more data
in the future. However, the problem of the large apparent
corrections of the QCDF results remains. Furthermore,
while we consider our estimate for the range of rP,VSU(3)
to be conservative, it is clear from the data in table II
that the result for fs/fd sensitively depends on our as-
sumption. An effort should therefore be made to even
further improve the understanding of these modes, in or-
der to either understand the source for these large non-
factorizable contributions, or to establish the presence of
BSM physics in these modes, as discussed in the next
subsection.
Finally, let us comment on the value for (fs/fd)Tev
extracted in table II: the value quoted in ref. [25] reads
(fs/fd)Tev = 0.334 ± 0.040, which differs by ∼ 2σ from
the value obtained in both fits using QCDF in table II. It
is worth emphasizing that our value is independent from
the values entering that average, and more precise. On
the other hand it relies on LHCb-data and is hence not
a pure CDF measurement. It is not clear from the infor-
mation provided in ref. [25] how the average is obtained.
Updating the external inputs for the analyses [26, 27] and
performing a correlated average, we obtain
(fs/fd)Tev,sl = 0.263± 0.031 , (38)
which is also more precise than the average quoted in
ref. [25] and perfectly compatible with both the LHCb
results (at different transverse momentum) and our result
from non-leptonic decays.
8We therefore conclude that while we do not see whence
the required large non-factorizable contributions could
originate, assuming their presence yields a consistent pic-
ture for all available data and an improved determination
of fs/fd, which can be improved further in the future.
B. New physics in b → cu¯s(d) transitions
We now explore the possibility that the discrepancy
between data and the SM calculation is caused by BSM
physics. This is in part motivated by the observation
that our fits including the QCDF constraints allow for
∆P = ∆V , although this would not be expected for NLP
contributions. It would, however, be expected for BSM
contributions to the Wilson coefficients Cq21,2. The ratios
RV/Pd,s therefore provide tests for our BSM hypothesis.
We do not aim at a detailed BSM analysis, only at
establishing whether this option is already ruled out by
existing data.
The observation that the new contributions should
similarly reduce branching fractions with a pseudoscalar
meson Dq and a vector meson D
∗
q has rather strong
consequences, implying specifically a minimal-flavour-
violation-like scenario where the BSM contributions scale
with the CKM factors of the SM ones. For simplicity
we content ourselves with the obvious option that BSM
physics could modify the SM Wilson coefficients, leaving
aside a second option with scalar operators that yields
∆P 6= ∆V . More precise data will provide a test of this
assumption. Using this assumption, we obtain a univer-
sal shift in a1 for each class of transitions b→ cu¯q2, i.e.,
we have in general two contributions ∆aq21 . Again for
simplicity, we use the observation that the data allow
for ∆ad1 = ∆a
s
1 ≡ ∆a1 to simplify our analysis further.
Clearly this assumption can be easily tested in the ratios
RP,Vs/d . This scenario corresponds to the one above in the
limit ∆P = ∆V ≡ ∆a˜1 = ∆a1/a1, since a1 to very good
approximation universal.
As suggested by the previous fits, our BSM scenario
works very well: we obtain χ2min = 4.9 for 7 degrees
of freedom. We also obtain (fs/fd)LHCb = 0.263
+0.018
−0.016,
which has the same uncertainty as in the “ratios only”
scenario; however, clearly this value depends sensitively
on our assumption of ∆ad1 = ∆a
s
1. Most importantly, we
obtain
∆a˜1 = −0.17± 0.03, or ∆a1 = −0.18± 0.03 , (39)
ignoring potential imaginary parts for now using the
same justification as given above.
We check if our BSM physics hypothesis is already ex-
cluded by other observables. In the following we list
these observables and discuss the impact of their mea-
surements, see table III:
• Γq: since we modify the leading contribution to
the total decay rates of the B¯q mesons, we expect
a strong constraint from Γq, q = d, s. However,
each individual total decay rate is not as precisely
predicted as their ratio.
• τBs/τBd : this observable is both predicted and
measured to very high precision. The main con-
tributions to the individual lifetimes cancel in the
ratio, therefore the dominant contribution in our
scenario is via dimension-6 operators in the OPE
to τBd . We calculate the BSM shift at leading or-
der, using the results from ref. [28] with updated
bag factors [29].
• afsd : the flavour-specific CP-asymmetry in the Bd−
B¯d system receives also a leading contribution from
b → cu¯d operators, which is linear in the corre-
sponding coefficient [30]. This constraint is there-
fore complementary to the others.
We do not consider further observables that are not as
cleanly predicted as the ones above. We note, however,
that other B meson decays like B¯0 → D(∗)+π− and B¯s →
D
(∗)+
s K− (and their analogues with ρ,K∗) are likewise
affected by our BSM physics hypothesis. We emphasize
that all corresponding measurements [13] are lower than
their (updated) SM predictions [2], thereby strengthening
the case for the BSM hypothesis.
observable measurement SM prediction ref.
Γd/10
−13 GeV 4.333 ± 0.011 3.6± 0.8 [30, 31]
τBs/τBd 0.994 ± 0.004 1.0006 ± 0.0020 [25, 29]
afsd /10
−4 −21± 17 −4.73 ± 0.42 [25, 32]
TABLE III. Measurements and predictions for further observ-
ables that constrain BSM physics in b→ cu¯(d, s).
We find that surprisingly none of these inclusive ob-
servables in table III excludes the possibility of having
a shift of −15% to −20% in a1 from BSM physics, in
line with refs. [30, 32]. We conclude that BSM physics is
a viable possibility that could explain the observed puz-
zle. Despite requiring a large contribution of ∼ −17%
of a CKM-leading tree-amplitude, available constraints
from the above inclusive observables do not exclude such
a scenario, which therefore has to be taken seriously. A
detailed BSM analysis of these constraints is, however,
beyond the scope of this article and left for future work.
C. Prospects
Our results reduce both main uncertainties in the pre-
dictions for B¯0(s) → D+(s){π−,K−} decays, thereby en-
abling future precision analyses of these modes. Measure-
ments of absolute branching fractions can and should be
carried out at Belle II, if possible also for the B¯s decays
modes. High-precision measurements of ratios of branch-
ing fractions can be obtained by the LHC experiments.
9With further reduced uncertainties, it would also be help-
ful to have smaller uncertainties on the D+(s) branching
fractions.
Experimentally, it might be advantageous to normalize
to a different mode, like B¯0 → D(∗)+π−, since it has
a larger branching fraction and systematic uncertainties
due to the pions cancel. As an example, the prediction
for the ratio B(B¯0s → D+s π−)/B(B¯0 → D+π−) involves
a different ratio of form factors than the ones already
provided. Its value obtained from ref. [3],∣∣∣∣∣
F B¯s→Ds0 (m
2
pi)
F B¯→D0 (m
2
pi)
∣∣∣∣∣ = 1.005± 0.021 , (40)
is rather precise. We caution that these modes suffer
from significantly larger uncertainties due to presently
unquantifiable O(ΛQCD/mb) corrections. Therefore, the
theoretically cleanest ratios for the purpose of determin-
ing fs/fd are RP/Vs/d , discussed in the previous sections.
As a workaround, we suggest a two-staged approach:
the measurement of B(B¯ → X)/B(B¯0 → D+K−) —
which, depending on the choice of X , can be determined
at a precision of a few percent and potentially further
improved at Belle II or LHCb — can convert the more
easily measurable ratio B(B¯0s → D+s π−)/B(B¯ → X) into
one of Rs/d, i.e.,
RPs/d =
B(B¯s → D+s π−)
B(B¯ → X)
B(B¯ → X)
B(B¯0 → D+K−) (41)
=
B(B¯s → D+s π−)
B(B¯ → X) R
X
d . (42)
For instance, with X = D+π− the required experimental
ratio would already be available at the 3− 4% level:
RpiKd ≡
B(B¯0 → D+π−)
B(B¯0 → D+K−)
exp
= 12.17+0.42−0.37. (43)
The situation is similar forX = D0π−; the determination
of the ratio RD0pi−ud = B(B− → D0π−)/B(B¯0 → D+K−)
requires additionally the determination of the production
fraction of charged and neutral B meson pairs at the B
factories, or the ratio fu/fd at LHCb (which is however
expected to be close to unity). We are looking forward
to see these prospects realised in future analyses by the
ATLAS, Belle II, CMS and LHCb experiments.
IV. DISCUSSION AND CONCLUSION
In this work we revisit, extend and update the theo-
retical predictions for the branching fractions of the de-
cays B¯0 → D(∗)+K− and B¯0s → D(∗)+s π−. We obtain
our predictions in the framework of QCD factorization
(QCDF), using next-to-next-to leading order results for
the effective Wilson coefficients and including next-to-
leading power (NLP) corrections for the first time. More-
over, we employ updated values of the form factors with
reduced theoretical uncertainties compared to previous
estimates. Beyond the prediction of the branching frac-
tions, we provide updated results for the fragmentation
fraction fs/fd in various scenarios. To obtain a reliable
error estimate for the fragmentation fraction, we consider
it mandatory to account for potential SU(3) breaking in
the non-factorizable corrections. Our results agree with
the values extracted by LHCb and CDF from semilep-
tonic decays.
Our comparison of the various experimental measure-
ments of these modes and our theoretical predictions
shows a clear and very significant discrepancy at the level
of 4.4σ. This high level is due to drastically reduced para-
metric uncertainties. We identify the following possible
four causes of the discrepancy, none of which is fully sat-
isfactory on its own:
1. The current measurements of the absolute branch-
ing fractions for the modes considered could have
a systematic bias in form of a downward shift.
This is unlikely to be the case, since the modes
we discuss have large branching fractions, and have
only charged particles in the final state, rendering
them experimentally well accessible. A systematic
bias of the order of ∼ −30% would lead to ques-
tioning the validity of all measurements of B meson
branching fraction.
2. The theoretical results within the framework of
QCDF could miss a large contribution of ∼ −20%
at the amplitude level in color-allowed tree topolo-
gies.
This is unlikely to be case, since QCDF predictions
for color-allowed tree decays into light mesons are
in reasonable agreement with the measurements. If
such a shift in heavy-light final states is necessary
it is hard to understand why a similarly sized shift
in light-light final states is absent.
3. The hadronic matrix elements for the non-local soft
gluon terms could be underestimated, and cause
the observed shift.
To increase the B¯ → D(∗) matrix elements to the
size needed for agreement with the measurements,
we would need an enhancement by a factor of ∼
50. This is also quite unlikely to be the case, since
we have already enlarged the possible range of our
estimates by multiplying our nominal results by a
factor of 10 to obtain conservative estimates.
4. The discrepancy could be caused by contributions
from physics beyond the SM.
Also this option seems unlikely, given that the par-
tonic transition is generated by a tree-level W ex-
change, and it would be surprising if a correction of
∼ −20% had eluded attention so far. On the other
hand, the same pattern exists for b→ cu¯(d/s) tran-
sitions that are not quantitatively discussed in this
work. The interpretation is not excluded either by
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a number of inclusive observables like the flavor-
specific CP asymmetry adfs, the total width of the
B meson Γd, or the ratio of lifetimes τs/τd.
Given the significance of this puzzle and the potential im-
pact of any of the potential explanations discussed above,
each of them should be studied in more detail. Doing so
exhaustively requires dedicated efforts on both the ex-
perimental and the theoretical side. We look forward
to further study these options in detail in a forthcoming
publication.
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Appendix A: Light-cone sum rule for the soft-gluon
matrix element
The next-to-leading power term in the factorization
formula for B¯q → D(∗)+q L− involves an exchange of a
soft-gluon between the heavy-to-heavy transition and the
light-meson. This exchange can be described in terms of
the hadronic matrix elements of the operator [4, 11]
O ≡ −2
∫ 1/ΛQCD
0
ds c¯(0)γµ(1 − γ5)G˜µν(−sn)nνb(0) ,
(A1)
where n is a light-cone vector and qµ ≃ ELnµ in the B-
meson rest frame. Note that we absorb a factor of−1 into
the definition of the operator above. The explicit factor
of two accounts for the difference between the definition
of G˜ in refs. [4, 11] and our definition
G˜µν ≡ 1
2
εµναβG
αβ , (A2)
which agrees with the one in refs. [33, 34]. Matrix
elements of the operator O can be estimated in a similar
fashion as done for the matrix elements at subleading
power for the non-local contributions in exclusive
b → sℓ+ℓ− decays [33]. We closely follow the procedure
to estimate the latter.
Using the translation operator, we can relate the gluon
field on the light cone to the gluon field at the origin:
Gµν(−sn) = exp [−i(−sn) · (iD)]Gµν(0) . (A3)
This step allows us to express O as follows:
O = −2
∫ ∞
0
dω2
∫ 1/ΛQCD
0
ds eisω2 (A4)
× c¯(0)γµ(1− γ5)δ [ω2 − (n · iD)] G˜µν(0)nνb(0) .
To leading-power in ΛQCD/EL the effective integration
range for s is [0,∞). This leads us to the momentum
space representation
O = −2i
∫ ∞
0
dω2
ω2
(A5)
× c¯(0)γµ(1− γ5)δ [ω2 − (n · iD)] G˜µν(0)nνb(0)
≡ −2i
∫ ∞
0
dω2
ω2
O˜(ω2) ≡ −2iO˜ , (A6)
where ω2 is the light-cone component of the gluon
momentum.
We proceed to estimate the matrix elements
〈D(∗)+(k)| O˜ |B¯0(q + k)〉 . (A7)
For this task we use light-cone sum rules with an on-shell
B-meson. The relevant three-particle B-meson LCDAs
are defined in the heavy-quark limit and therefore only
represent the result of the matrix element of O˜ to leading
power in ΛQCD/mb. We define the correlation functions
ΠD(∗)(q, k) (A8)
= i
∫
d4x eikx 〈0| T
{
JD
(∗)
int (x), O˜
}
|B¯0(q + k)〉 ,
where JD
(∗)
int (x) ≡ d¯(x)ΓD(∗)c(x) denotes a current suit-
able to interpolate the D or D∗. We use
ΓD = iγ5 , ΓD∗ = /q + /k . (A9)
Inserting a complete set of states between the two cur-
rents, we obtain the hadronic representation of the corre-
lation functions. For the pseudoscalar meson D = D(k)
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we obtain:
ΠhadD (q, k) =
fDm
2
D
mc
〈D+| O˜ |B¯0(q + k)〉
m2D − k2
+
1
π
∫ ∞
sh
ds
ρ˜D(s, q
2)
s− k2 .
(A10)
For a longitudinal vector meson D∗ ≡ D∗(k, λ = 0) we
obtain:
ΠhadD∗ (q, k) =
fD∗
√
λkin
2
〈D∗+| O˜ |B¯0(q + k)〉
m2D∗ − k2
+
1
π
∫ ∞
sh
ds
ρ˜D∗(s, q
2)
s− k2 ,
(A11)
where λkin ≡ λ(m2B ,m2D∗ , q2) is the Ka¨lle´n function. For
both cases above ρ˜D(∗) denotes the spectral density of
the respective exited and continuum states.
At q2 ≃ 0 the correlators eq. (A8) are accessible in a
light-cone operator product expansion (OPE) if k2 < 0,
and |k2| ≫ Λ2QCD. For these kinematics, the hard and
soft contributions factorize. The hard contributions are
calculated to leading order in αs, while the soft contri-
butions are expressed in terms of the B-mesons LCDAs.
For both the D and the D∗ meson, the OPE result can
be conveniently expressed as:
ΠOPED(∗) (q, k) =
∫
dω2
∫
d4x
∫
d4p′ ei(k−p
′)·x
[
ΓD(∗)
/p′ +mc
m2c − p′2
γµ(1− γ5)
]
ab
〈0| d¯a(x)δ [ω2 − in ·D] G˜µν(0)nνhbv(0) |B¯0〉 . (A12)
The sum rules are then obtained by matching the
OPE results (A12) onto the hadronic representations
(A10)-(A11). To remove continuum contributions,
the assumption of semi-global quark-hadron duality
approximation is used, as discussed in ref. [17]. We
Borel transform the result to suppress the tail of the
OPE calculations and the continuum contributions,
thereby reducing the numerical impact of violation of
quark-hadron duality. For our results we use the twist
classification and modelling of the LCDAs as in ref. [34],
and truncate the twist expansion at the twist-four level.
Using the same inputs as in ref. [17], our numerical
results for q2 = 0 are
〈D+(k)|O |B¯0(q + k)〉 = i [0.13, 1.3] GeV2 ,
(A13)
〈D∗+(k, ε(λ = 0))|O |B¯0(q + k)〉 = i [0.078, 0.78] GeV2 .
(A14)
The lower bounds in the ranges above are obtained using
the nominal values of our input parameters. To have a
conservative estimate of these contributions, we compute
the upper bounds by increasing the values of λ2E and
λ2H by one order of magnitude. These two parameters
enter approximately linearly in the normalization of the
B-meson LCDAs. An increase in their central values im-
plies an increase in our prediction of the matrix elements
(A7). Normalizing these non-local matrix elements with
the corresponding local matrix elements, we obtain
〈D+(k)| O |B¯0(q + k)〉
i(m2B −m2D)F B¯→D0 (0)
= [0.76, 7.6]% , (A15)
〈D∗+(k, λ = 0)| O |B¯0(q + k)〉
i(m2B −m2D∗)AB¯→D∗0 (0)
= [0.46, 4.6]% . (A16)
Note that here A0 is defined as in ref. [4], which differs
in the phase convention from ref. [17].
Appendix B: Experimental inputs
We update the experimental analyses to account for
new results regarding, e.g., D−(s) branching fractions, life-
times, and production fractions, which is only partially
done in the averages available. In table IV we summa-
rize the pertinent measurements; we use the informa-
tion in the articles to extract the quantities listed there,
which allow to explicitly account for all correlations due
to fs/fd as well as the charm branching fractions. A few
comments are in order:
• The branching fraction from ref. [20] depends on
the production of Bs in Υ(5S) decays. This is the
only measurement where this quantity enters, so we
do not make this dependence explicit.
• The fragmentation fraction fs/fd potentially de-
pends on the experiment, specifically the transverse
momentum pT , as observed for Λb production [25]
and indicated by a LHCb measurement [24]. On
the other hand, the result from LEP seems to in-
dicate a milder dependence on pT than found in
ref. [24], as discussed in ref. [25]. The treatment
of this dependence differs in the literature. The
most conservative approach is to use the values ex-
tracted at the Tevatron and LHCb experiments in-
dependently, the averages of which differ sizeably.
We present the experimental results in a way that
allows for different treatments, specified in the cor-
responding paragraphs.
• A third measurement of B¯ → D−K+ listed in
ref. [13] is declared superseded by LHCb in their
later article.
• The production fraction f00 of B/B¯ pairs in Υ(4S)
decays is assumed to be 1/2 in most measurements
(and for all results in ref. [13]), but can differ size-
ably from that value, see ref. [35] for a recent dis-
cussion.
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measurement value source reference(s)
B(B0s → D
−
s pi
+) (3.6± 0.5± 0.5) 10−3 Belle [13, 20]
fs
fd
B(B0s → D
−
s (→ φ(→ K
+K−)pi−)pi+)
B(B0 → D−(→ K+pi−pi−)pi+)
(6.7± 0.5)% CDF [36]∗
fs
fd
B(B0s → D
−
s (→ K
+K−pi−)pi+)
B(B0 → D−(→ K+pi−pi−)pi+)
0.174 ± 0.007 LHCb [37]
fs
fd
B(B0s → D
−
s (→ K
+K−pi−)pi+)
B(B0 → D−(→ K+pi−pi−)K+)
2.08 ± 0.08 LHCb [24]†
B(B0 → D−K+)
B(B0 → D−pi+)
(8.22± 0.28)% LHCb [24]†
B(B0 → D−K+)
B(B0 → D−pi+)
(6.8± 1.7)% Belle [38]
f00B(B
0 → D−(→ K+pi−pi−)pi+) (1.21± 0.05) 10−4 BaBar/CLEO [23, 39]
B(B0 → D−(→ K+pi−pi−)pi+) (2.88± 0.29) 10−4 BaBar [40]§
B(B0s → D
∗−
s pi
+)
B(B0s → D
−
s pi+)
0.66 ± 0.16 Belle [41]
B(B0 → D∗−K+)
B(B0 → D∗−pi+)
(7.75± 0.30)% LHCb/BaBar/Belle [38, 42, 43]
f00B(B
0 → D∗−pi+) (2.72± 0.14) 10−3 BaBar/CLEO [23, 44]
B(B0 → D∗−pi+)
B(B0 → D−pi+)
0.99 ± 0.14 BaBar [40]
B(D−s → φ(→ K
+K−)pi−) (2.27± 0.08)% PDG average [13]
B(D−s → K
+K−pi−) (5.45± 0.17)% PDG average [13]
B(D− → K+pi−pi−) (9.38± 0.16)% PDG average [13]
B(D−s → K
+K−pi−)(fs/fd)
7TeV
LHCb,sl 0.0144 ± 0.0010 LHCb [21, 22]
B(D−s → K
+K−pi−)(fs/fd)
13TeV
LHCb,sl 0.0133 ± 0.0005 LHCb [45]
(fs/fd)Tev 0.334 ± 0.040 HFLAV average [25]
f00 0.488 ± 0.010 pheno comb. of BaBar/Belle [35, 46, 47]
TABLE IV. Relevant experimental measurements entering our determination of branching fractions and ratios for the considered
modes. A ∗ indicates that here fs/fd corresponds to the value at Tevatron, see text. The measurements marked by a
† from
ref. [24] have a correlation coefficient of −56%. The reference marked with § uses both D− → K+pi−pi− and D− → KSpi
−
decays, however, the former is dominating.
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